Dynamic plastic deformation (DPD) achieved by multipass hammer forging is one of the most important metal forming operations to create the excellent materials properties. By using the integrated approaches of optical microscope and scanning electron microscope, the forging temperature effects on the multipass hammer forging process and the forged properties of Ti6Al-4V alloy were evaluated and the forging samples were controlled with a total height reduction of 50% by multipass strikes from 925°C to 1025°C. e results indicate that the forging temperature has a significant effect on morphology and the volume fraction of primary α phase, and the microstructural homogeneity is enhanced after multipass hammer forging. e alloy slip possibility and strain rates could be improved by multipass strikes, but the marginal efficiency decreases with the increased forging temperature. Besides, a forging process with an initial forging temperature a bit above β transformation and finishing the forging a little below the β transformation is suggested to balance the forging deformation resistance and forged mechanical properties.
Introduction
Ti-6Al-4V is one of the most widely used titanium alloys in the aeroengine fields due to its high strength, relatively low density, excellent corrosion resistance, and good creep resistance [1] [2] [3] [4] . As a dual-phase alloy consisting of alternate layers of hexagonal close packed (HCP) α and body-centered cubic (BCC) β phases, its mechanical properties are very much dependent on the microstructure morphologies [5, 6] . e Ti-6Al-4V alloy is commonly presented as as-cast ingots with β transformed lamellar structure, and researches have shown that the microstructures of titanium alloys will change to isometric, dualstate, and lamellar structures during the dynamic plastic deformation (DPD) process, which will lead to the improvement of its mechanical properties [7] [8] [9] [10] [11] . So many thermomechanical processes, such as extrusion [12] , forging [13, 14] , and hot rolling [15] , are carried out to modify its microstructures to the needed morphologies with equiaxed, lamellar, and bimodal.
In the past several years, many efforts have been made to understand the deformation mechanisms and the microstructure evolution of titanium alloys [16] [17] [18] .
e DPD process at different strain rates were carried out to evaluated the strain rates effects on the microstructural refine and the strength improvement of the alloy [19, 20] . e deformation temperature effects were also investigated to provide the optimized deformation parameters and evaluate the different deformation mechanism of the hot extrusion and rolling technology [12, 15] . Further, the complex relationships between material properties and DPD process parameters have also been studied to improve the strength and plasticity of the titanium alloys [21] [22] [23] [24] [25] [26] .
Of most DPD studies, the DPD was carried out by press forging at low constant strain rates (<10 1 ·s − 1 ) in thermal simulator with the static presses powered hydraulically and focused on the deformation temperatures and height reductions effects on the microstructure and mechanical properties of titanium alloys. However, a few researchers have mentioned that high strain rate combining with certain deformation can refine the grains better and obtain nanostructured metallic materials [19, 27] . However there are seldom studies concerning the high strain rate DPD process achieved by continuous multipass hammer forging in which the high strain rate could be imposed by the hammer blow.
Considering that the DPD achieved by multipass hammer forging with high impact velocities and forging frequency could efficiently reduction the forging time, it is assumed that the multipass hammer forging could be finished during a short term with a high strain rate, which will benefit the microstructure of the titanium alloy. So, this paper focuses on the DPD achieved by multipass hammer forging and studies the temperature effects on the multipass hammer forging process, the microstructure, and the mechanical properties of the forged Ti-6Al-4V alloy. It aims to understand the relationship between the microstructure, mechanical properties, and the multipass hammer forging parameters.
Materials and Experimental Procedures

Materials.
Commercially available Ti-6Al-4V alloy bars were used in this study, and the chemical compositions of asreceived material are listed in Table 1. e measured β transition temperature of this material is about 990°C. e as-received bars with a diameter of 355 mm and a length of 550 mm were produced by ingot metallurgy, and they were cutting to cuboid samples with the length, width, and height equal to 100 mm, 50 mm, and 80 mm, respectively, by wire electrical discharge machining (WEDM) along the diameter direction of the cylindrical ingot.
Multipass Hammer Forging Process.
Considering that the ram of hammer forging machine can be accelerated by gravity and hydraulic fluid simultaneously and a short forging time and high forging frequency could be controlled, an open-die hammer forging machine [28] was used to carry out the multipass forging process. e multipass forging process was divided into four steps for every sample, as shown in Figure 1 . Firstly, the samples were placed in the preheated molds and then heated to the forging temperature in a special heating furnace with a heating rate of 6°C/min. In order to ensure the uniform temperature distribution inside and outside the samples, the samples were kept in the furnace under forging temperature for a period in the second step, and it was determined to 60 min due to the minimum width of samples. In the third step, the samples were stricken three passes in one direction, with a high-speed camera (5000 sheets/s) used to record the time of each strike. It is reported that the microstructure of alloys can be obviously refined with a more than 20% height reduction, and the crystallization rate will increase dramatically with a deformation over 12% in a single strike [29] . erefore, a total forging deformation of 50% was controlled by the position limiter in the forging process. Finally, the forged samples were cooled to room temperature by air cooling (AC).
It is known that the titanium will crystallize to α-phase with a HCP structure in low temperature and transforms to β-phase with BCC structure in high temperature, as shown in Figure 2 , thus the forging of titanium is divided into α + β forging and β forging. During the α + β forging, the alloy should be heated to a temperature 30°C to 100°C below the β transition temperature. While for β forging, the alloy is first heated above the β transition temperature, and the forging process should be finished before the β to α transformation starts. In order to study the forging temperature effects on the forging process, the microstructural and the mechanical properties of forged samples and three different forging types with five different forging temperatures were selected based on the β transition temperature T β , as shown in Table 2 .
e near β forging type in Table 2 is defined to characterize the forging process with a temperature only a little below the β transition temperature due to the low α volume phase fraction in the alloy under this temperature.
Mechanical Properties and Microstructure Test.
Five groups tensile specimens with five specimens in each group were cut from each forged samples, and the tensile tests were performed on an MTS mechanical machine with the tensile speed of 10 mm/min at room temperature, and the tensile strain rate is 6.67 × 10
. e averaged mechanical properties of each specimens were calculated after the tensile tests.
e dimension of each specimen is shown in Figure 3 (a). Cube specimens with the dimension of 10 × 10 × 10 mm 3 were obtained by wire cutting along the forging direction to observe the microstructure. en, the microstructure of the specimens was observed using optical microscope (OM) after the process of grinding, polishing, and chemical etched in a solution of 13% HNO 3 , 7% HF, and 80% H 2 O for 1 min. e fracture morphology of tensile specimens was observed by scanning electron microscope (SEM). Figure 4 shows the initial microstructure of the Ti-6Al-4V bar before forging. e metallographic figures show that the primary β phase as a small seam around the coarsely and lightly colored primary lamellae α phase.
Results and Discussion
Initial Microstructure before Multipass Hammer Forging.
Microstructural Characterization after Multipass Hammer Forging.
e microstructure evolution after the multipass hammer forging process was investigated by detecting the microstructure of the five forged samples, and the microstructures are shown in Figure 5 . At the temperature of 925°C, after three-pass hammer forging, the morphology with equiaxed α phase, rod-like α phase, and olivary α phase lying in the lamellar α + β matrix could be seen in Figure 5 (a), and these α phases have more smaller sizes contrary to the original coarse lamellae α phases. e multipass hammer process efficiently broke down the coarse as-cast lamellar microstructure, and then the broken piece lamellae recrystallize to globular primary α phases. With the temperature increases to 950°C and 975°C, similar globularization of the lamellar microstructure also took place, as shown in Figures 5(b) and 5(c). However, the morphology is slightly di erent. According to the thermodynamics theory of phase transformation, the total volume fraction of α phase is mainly associated with the forging temperature.
Higher forging temperature will lead to lower volume fraction of α phase. When the forging temperature increases from 925°C to 950°C and 975°C, the volume fraction of the primary α phase decreases due to the α + β ⟶ β transformation and more needlelike α + β lamellar matrix appear. When the temperature increases above the β transformation temperature to 1000°C or 1025°C, all the phases change to β phase and the forging corresponding to β forging processes. Once the forged sample is cooled from temperatures above the β transformation temperature, the α phase nucleates at grain boundaries and then grows as lamellae into the prior β phase, and then the ne needlelike α + β lamellar phase is formed as shown in Figures 5(d) and 5(e). However, insigni cant di erences exist between the two gures. e forged sample morphology seems to have the equiaxed α phases scatter into the needlelike α + β matrix at 1000°C but all needlelike α + β lamellae at 1025°C. e reason for this difference maybe that the forging temperature of 1000°C is just above the β transformation, it decreases below the β transformation temperature, and a near β forging was actually carried out. By comparing Figures 5(c) and 5(d), the similar bimodal microstructures that consist partly of equiaxed primary α in a lamellar α + β matrix are found, and the more little equiaxed primary α in Figure 5 (d) due to a higher temperature.
Strain Rate of the Forging Process.
In the multipass hammer forging process, the strain rate of each strike was calculated by the sample deformation and deformation time in each strike:
where _ ε is the forging strain rate, s
; h is the initial height of the sample before each strike, mm; ∆h is the height reduction samples in the strike, mm; and t is the strike time, s. e measured forging parameters of each strike for the ve di erent samples are listed in Table 3 . By substituting the parameters in Table 3 into equation (1), the strain rate of each strike could be achieved and is shown in Figure 6 , which shows the variation of strain rate with temperature and forging processes. It can be seen that the strain rate of rst strike increases with the forging temperature, which could be interpreted by the volume fraction increasing of β phase due to the temperature increases. Generally, the plastic deformability is associated with the number of slip systems, which is determined by the number of slip planes multiplied by the number of slip directions.
ese planes and directions of highly dense packed atoms are energetically most favorable for plastic deformation. e denser slip planes are packed with atoms, the easier dislocations can glide. erefore, a slip plane in the HCP lattice with a packing density of 91% should be superior to a slip plane in the BCC lattice with a packing density of only 83%. e α phase of titanium has a HCP lattice while the β phase has a BCC lattice, so the increased β phase 
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volume fraction caused by increased temperature increases the slip possibility of the alloy and lead to a larger strain rate.
With the increase of temperature, the internal energy of the alloy also increases, and this could decrease the energy needed for atom movement and also lead to the decrease of deformation resistance and the improvement of mobility.
As shown in Figure 6 , at temperature of 925°C, the strain rate of the rst strike is 10 s − 1 and increases insigni cantly in the second strike, but it increases to about 12 s − 1 in the third strike. e strain rate increases with the multipass strikes going on seems to occur in all evaluated forging temperature, which means a better mobility and plasticity of the material could be achieved by multipass strike than only one pass strike. Tang et al. [30] examined the microstructure and texture evolution during the multipass forging process, and they found that the volume fractions of α phase are 77.37%, 84.38%, 83.83%, and 78.20%, respectively, from the rst pass forging to the forth pass forging; there are only insigni cant changes of α phase due to the small temperature di erence between the di erent passes.
us, the strain rate improvement is not caused by the increase of β phase. With the going on of the following forging pass, the volume fraction and grain size of primary α phase α p increase. e size range of α p changes from 9.88-37.21 μm after the rst pass forging to 4.93-25.7 μm, 5.56-31.35 μm, and 7.78-40.96 μm after the following three pass forging. Meanwhile, the volume fraction of α p raises from 30.15% to 36.07%, 39.22%, and 43.70% during the multipass forging process. Jha et al. [31] claimed that the lamellar morphology of microstructure resists the deformation initially to a greater extent compared to equiaxed morphology and causes higher ow stress compared to equiaxed. On further deformation, the lamellar microstructure kinks, bends, and breaks resulting in higher ow softening than equiaxed morphology.
us, the increased size and volume fraction of primary α phase may associate with the strain rate increase for multipass hammer forging at evaluated temperature. e increase of strain rates for the second and third strikes with increasing temperature are also demonstrated in Figure 5 , and this could also attributed to the volume fraction improvement of β phase and the decrease of active energy needed for atom movement.
To evaluate the forging e ects on the strain rate, a strain rate ratio is de ned as
where χ is strain rate ratio, which denotes the forging e ects on the strain rate; _ ε i+1 and _ ε i (i 1, 2) are strain rates of the i + 1 and i pass strike, respectively, at evaluated temperature.
As shown in Figure 7 , in the temperature of 925°C to 1000°C, the _ ε 2 /_ ε 1 increases linearly from about 1.03 to 1.2 with forging temperature, which indicates that the slip possibility of the alloy has been improved by the rst strike. e slip possibility of the alloy improved only 3% at 925°; the e ect is not signi cant, but a 20% mobility improvement could be achieved at 1000°C. When comparing the strain rates of the third strike and the second strike by _ ε 3 /_ ε 2 , a dramatic improvement of strain rate about 15% was achieved at 925°C after the second strike; the strike e ect is much higher than the rst strike, the reason maybe that at a relative lower temperature, the microstructure is coarse lamellae, which has a larger broken resistant, so the rst strike only breaks the lamellae to coarse segments, and leads to a slow recrystallization and globularization of lamellar structure. But, the second strike e ciently broke the coarse lamellae to small pieces and accelerated the recrystallization and globularization process, which leads to the dramatic improvement of the mobility. e alloy mobility improved by the second strike at 950°C and 975°C is also obvious with 11.3% and 11.7%, even though the second strike is more meaningful for lower temperature, as after the rst and second strikes, the strain rate improvement is 3% and 15% at 925°C, while the values are 11.4% and 11.7% at 975°C, and the marginal e ciency of the second strike decreases with the increase of temperature. However, a multipass strike at high temperature still has their meaning of existence as a multipass hammer could re ne the 6 Advances in Materials Science and Engineering microstructure and improve the recrystallization and globularization of lamellar structure to α p , which is a bene t for improving the material properties.
E ects of Multipass Hammer Forging on Mechanical Properties
Material Properties of Forged Sample at Di erent
Temperatures. e stress-strain curves and the mechanical properties such as yield stress (YS), ultimate tensile strength (UTS), elongation (EL), and reduction of fracture area of the forged samples at di erent temperatures are shown in Figure 8 . As demonstrated in Figure 8(a) , with the increase of forging temperature, the fracture strain decreases from 0.217 to 0.137 and the fracture stress increases. At the temperature below β transformation, the YS decreases from 1026 MPa to 1008 MPa with the increase of forging temperature, accompanied with the UTS decrease from 1086 MPa to 1070 MPa. When the forging temperature increases to only a little above the β transformation, both the YS and the UTS have a high value of 1014 MPa and 1086 MPa, respectively, which almost reach the values at temperature of 925°C. If the forging temperature increases continuously, both the YS and UTS decrease dramatically to a low level. e elongations of di erent specimens have an approximate negative linear relationship with temperature until it reaches the temperature a bit above the β transformation and an insigni cant decrease from 16.5% to 13.5%. e elongation will decrease sharply to about 9.5% when the forging temperature further increases.
e reduction of fracture area represents only a slight decrease from 46% to 43% when the forging temperature changes from 925°C to 950°C, remains almost constant to the temperature a bit above the β transformation, and then decreases signi cantly to 11%.
e strength di erences of the samples at di erent temperatures are mainly caused by the microstructures. e microstructure of titanium alloys is primarily determined by the size and arrangement of the α and β phases, and the two extreme cases of phase arrangements are the lamellar microstructure, which is generated upon cooling from the β phase eld, and the equiaxed microstructure, which is a result of a recrystallization process. Numerous investigations have been subjected to how the size of the phases and the arrangement of the phases a ect the mechanical properties. With the increase in volume fraction of equiaxed α phase, the strength of the alloy will increase. As the microstructure of forged samples shown in Figure 5 depicts, the primary equiaxed α phase decreases with the increasing forging temperature below the β transformation temperature, which lead to the decrease of YS and UTS. e sample forged at 1025°C has the lowest YS and UTS, and the microstructure of this sample is all needlelike α + β lamellae, which will lead to the poor performance of strength. A special di erence that should be pointed is that when forging temperature is only a little above the β transformation, the sample also shows good strength performance, which is almost the same with the sample forged at 925°C; this could be attributed to the achieved bimodal microstructure.
Similar to the strength, the ductility of the Ti-6Al-4V alloy also has a positive correlation with equiaxed α phase and a negative correlation with α + β lamellar microstructure. With an equiaxed α phase of ner grains, the strain inside and near the grain boundary of the ner grains varies insigni cantly and the deformation is more uniform, so the chance of cracking due to stress concentration is much less and a larger amount of deformation could be sustained before fracture [32] .
erefore, the samples 1 # ∼4 # , which contain the equiaxed α phase, demonstrate larger elongation and reduction of fracture area than sample 5 # .
e insigni cant decrease of ductility may associate to the reduction of equiaxed α phase.
It is summarized according to Figure 8 that the forging temperature has a great in uence on the YS and UTS. If the forging is carried out above the β transformation temperature, a lamellar microstructure with low strength will be formed, while forging below the β transformation temperature can achieve high YS and UTS. And, the lower the forging temperature, the higher strength achieved. However, the forging temperature should be in the range of α + β two-phase zone and ensures that the crack-free forging is possible at high degrees of deformation. Semiatin et al. [33] reported that the billets should be hot deformed below the β transformation temperature to get a microstructure consisting of ne equiaxed primary α phase and transformed β. Brun et al. [34] also noted that the development of a regulated structure in α + β twophase titanium alloy was signi cant for the production of titanium alloy semiproducts. Although good strength could be achieved by forging under the β transformation temperature, the mobility of the metal is not good at low temperature. As the ow curves demonstrate in Figure 9 [35] , the yield stress at the temperature above β transformation is very low and almost present as a constant, when the temperature drops to below the β transformation temperature, and the deformation resistance increases with the decreased temperature. So, a balance should be concerned to ensure the good mobility during the forging Advances in Materials Science and Engineering 7 process and good mechanical properties after the forging when designing the forging process. By considering the ve forged samples, it is found that the sample forged at the temperature only a little above the β transformation has the maximum strain rate compared to the sample forged at the temperature below the β transformation. Even the sample 4 # is forged above the β transformation temperature, its YS and UTS are almost the same with sample 1 # , which is the α + β forging, and the reduction of ductility is insigni cant. e microstructure of sample 4 # is bimodal, which is formed under β transformation temperature, thus the sample 4 # was initially heated to the temperature above β transformation to reduce the deformation resistance; the forging was nished at the temperature a little below the β transformation to achieve a bimodal microstructure, and this process can achieve the balance. So it is suggested that during the multipass hammer forging process, the rst step is isothermal forging conducted in the β phase zone, and the following forging should be nished at the temperature a little below the β transformation.
e mechanical properties of samples with multipass hammer forging are compared in Table 4 with the press forging results reported in the literatures [36, 37] ; it can be seen that the YS and UTS are all improved by multipass hammer forging; the elongation and the reduction of fracture area have little differences.
us, it could be concluded that the mechanical properties of the Ti-6Al-4V alloy obtained by multipass hammer forging is better than that of press forging.
Fracture Morphology Observation.
e tensile fracture morphology of di erent specimens was observed by scanning electron microscope (SEM), and the results are shown in Figure 10 . Figure 10(a) is the fracture morphology at temperature of 925°C; an obvious ber region was found in shows the obvious fibrous region, and a large number of shallow depth dimples with 3 μm were observed in fracture surface. Figure 10 (e) shows the flatter and cleavage facets, and the intergranular fracture and cleavage fracture features finally lead to the worse plasticity at 1025°C. At 925°C, the spherical dimple size of the fracture surface of the tensile specimen of Ti-6Al-4V alloy is the largest, and there is no cleavage plane; the above analysis shows that the more the number of dimples and the larger the size, the better the plasticity properties of the material.
Conclusions
e effects of forging temperature on microstructure and mechanical properties of the multipass hammer forging process of Ti-6Al-4V alloy were investigated based on the integrated approaches of OM and SEM. e strain rate of each strike in the multipass hammer forging process was acquired and discussed. e main results can be summarized as follows:
(1) e coarse α + β lamellar microstructure was globularized and refined to a homogeneous equiaxed primary α phase located in the needlelike α + β lamellar phase after the three-pass hammer isothermal forging process. (2) e YS and UTS of forged sample decrease with the increased temperature below the β transformation, while the elongation and reduction of fracture area change insignificantly. (3) e strain rate in a multipass hammer forging process increases with forging temperature and strikes; the alloy mobility could be improved by multipass strikes, but the marginal efficiency of the second strike decreases with the increased forging temperature. (4) By heating the alloy to an initial temperature a bit above the β transformation, the forging could be carried out with a low deformation resistance; by finishing the forging process below the β transformation temperature slightly, a bimodal microstructure could be achieved. e forged sample exhibits high YS and UTS similar to a lower temperature forging in α + β zone and an insignificant loss of ductility.
e designed forging process is suggested due to the balance of deformation stress and mechanical properties.
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